Crystal structure at 1.5Å resolution of the PsbV2 cytochrome from the cyanobacterium Thermosynechococcus elongatus  by Suga, Michihiro et al.
FEBS Letters 587 (2013) 3267–3272journal homepage: www.FEBSLetters .orgCrystal structure at 1.5 Å resolution of the PsbV2 cytochrome from the
cyanobacterium Thermosynechococcus elongatus0014-5793/$36.00  2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.febslet.2013.08.023
⇑ Corresponding authors. Fax: +33 1 69 08 87 17 (A. Boussac).
E-mail addresses: shen@cc.okayama-u.ac.jp (J.-R. Shen), alain.boussac@cea.fr (A.
Boussac).Michihiro Suga a, Thanh-Lan Lai b, Miwa Sugiura c,d, Jian-Ren Shen a,⇑, Alain Boussac b,⇑
a Laboratory of Biomacromolecular Structure, Graduate School of Natural Science and Technology, Department of Biology, Faculty of Science, Okayama University, 1-1, Naka 3-chome,
Tsushima, Kita-ku, Okayama 700-8530, Japan
b iBiTec-S, CNRS UMR 8221, CEA Saclay, 91191 Gif-sur-Yvette, France
cProteo-Science Research Center, Ehime University, Bunkyo-cho, Matsuyama, Ehime 790-8577, Japan
d PRESTO, Japan Science and Technology Agency (JST), 4-1-8, Honcho, Kawaguchi, Saitama 332-0012, Japana r t i c l e i n f o
Article history:
Received 11 July 2013
Revised 10 August 2013
Accepted 13 August 2013
Available online 29 August 2013
Edited by Stuart Ferguson
Keywords:
PsbV2
Crystal structure
Cytochrome c
His/Cys coordination
Cyanobacteriaa b s t r a c t
PsbV2 is a c-type cytochrome present in a very low abundance in the thermophilic cyanobacterium
Thermosynechococcus elongatus. We puriﬁed this cytochrome and solved its crystal structure at a
resolution of 1.5 Å. The protein existed as a dimer in the crystal, and has an overall structure similar
to other c-type cytochromes like Cytc6 and Cytc550, for example. However, the 5th and 6th heme iron
axial ligands were found to be His51 and Cys101, respectively, in contrast to the more common bis-
His or His/Met ligands found in most cytochromes. Although a few other c-type cytochromes were
suggested to have this axial coordination, this is the ﬁrst crystal structure reported for a c-type heme
with this unusual His/Cys axial coordination. Previous spectroscopic characterizations of PsbV2 are
discussed in relation to its structural properties.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
By using solar energy to generate O2, trap CO2 and store the en-
ergy in biomass, photosynthesis is the largest energy input in the
biosphere. Oxygenic photosynthesis is performed by plants, algae
and cyanobacteria. Thermosynechococcus elongatus, a thermophilic
cyanobacterium, became in the last 15 years one of the model
organisms in the researches on photosynthesis. Firstly, the photo-
system II of this organism turned out to be very robust allowing
enzymological studies with less risk of enzyme denaturation and/
or fragmentation. Secondly, the genome was sequenced in 2004
[1]. Thirdly, the molecular biology in this organism is now well
established, e.g. [2–9]. Fourthly, the 3D crystallographic structures
of photosystem I and II were obtained from this cyanobacterium
[10–13]. The resolution of the three-dimensional structures ob-
tained with PSII from T. elongatuswere improved to 3.5 Å [12] since
the ﬁrst atomic structure was determined at 3.8 Å resolution [13]
and then to 2.9 Å [10] and, more recently, to 1.9 Å with a PSIIenzyme puriﬁed from the very similar cyanobacterium T. vulcanus
[14].
In T. elongatus, the non-membrane proteins participating in the
photosynthetic light reactions include two c-type cytochromes
which are present in very large amounts, the Cytc6 and the Cytc550
(n.b. many cytocrome c550 scattered amongst the various bacterial
species. Here, we consider the Cytc550 that is present in cyanobac-
terial species). The Cytc6 is the electron carrier between the Cytb6f
complex and the P700 species in photosystem I [15]. The Cytc550 is
found in cyanobacteria (but not in higher plants) both as an extrin-
sic protein bound to PSII [10,12,14,15,17] and as a pool into the
cell, e.g. [18,19]. When bound to PSII, Cytc550 appeared to stabilize
the oxygen-evolving complex, e.g. [16,17,20,21]. However, the role
(if there is one) of the heme group of Cytc550 in PSII function is still
unknown. The cellular location and function of the non-bound
form have not been determined (see [18] for a discussion). The
crystal structure of these two cytochromes is now available in dif-
ferent cyanobacterial species and structural homologies/differ-
ences between Cytc6, e.g. [22,23], and Cytc550 [10,12,14,18] have
been discussed regarding their physico-chemical properties, e.g.
[15,18,22,24]. From the genome sequence of Synechocystis 6803,
another c-type cytochrome, CytcM, has been predicted [25]. How-
ever, in vitro studies on an over expressed CytcM did not allow
Table 1
Data collection statistics and structural reﬁnement statistics.
Data collection statistics
Space group P1
Unit cell a = 38.42, b = 38.43, c = 47.78
a = 71.86, b = 82.22, c = 69.38
Resolution 50–1.50 (1.53–1.50)a
Reﬂection 37,295 (1824)
Completeness 95.2 (98.1)
Redundancy 4.6 (3.6)
Rmrg
b 0.090 (0.400)
I/r(I) 40.6 (4.8)
Structural reﬁnement statistics
R factor 0.2163 (0.2703)
R free 0.2510 (0.2960)
Willson B-factor 17.69
Number of atoms 2260
Macromolecules 2052
Ligands 87
Water 121
Protein residues 264
R.m.s.d. (bond) 0.011
R.m.s.d. (angle) 1.42
Average B-factor 25.7
Macromolecules 25.6
Solvent 33.8
Ramachandran plot
Favored (%) 95.49
Allowed (%) 4.51
Outliers (%) 0.00
a Statistics for the highest resolution shell are shown in parentheses.
b Rmrg ¼
P
hkl
P
i j IiðhklÞ < IðhklÞ >j
P
hkl
P
iIiðhklÞ, where Ii(hkl) is the intensity
of the reﬂection and <I(hkl)> is the mean intensity of a group of equivalent
reﬂections.
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involved in the function of photosystem II are borne by the D1
and D2 proteins [10,12,14]. In cyanobacteria, the D1 protein may
be encoded by different psbA genes, i.e. three in T. elongatus: psbA1,
psbA2 and PsbA3 [1]. It was recently found that when PsbA2 was the
D1 protein, a new Cytc, Tll0287, was expressed [27]. The role of
which is still unknown. From the genome sequence of T. elongatus
and T. vulcanus a gene called psbV2 located between the genes for
Cytc550 and Cytc6 has also been proposed to code for a Cytc550-like
hemoprotein [28]. In Synechocystis 6803, substitution of the psbV
gene by the psbV2 gene from T. elongatus supports photoautrophic
growth, albeit at a reduced level [28]. In an earlier work, we have
reported the existence of the psbV2 gene product in very smallFig. 1. Crystal structure of PsbV2. The PsbV2 protein in the crystal is a dimer, and is dra
middle. Monomer A is colored and monomer B is in gray. An anomalous difference Fouamounts in T. elongatus [18]. Although the psbV2 gene product is
43.9% identical to Cytc550, the sequence alignment does not show
a second histidine residue for axial ligation to the heme [18] (see
Supplementary Material for an alignment of the psbV2 gene prod-
uct and the Cytc550 sequences). From spectroscopic studies on the
puriﬁed protein, it was concluded that the 6th heme iron axial li-
gand could not be a His [18]. Since the discovery of the psbV2 gene
in T. elongatus and T. vulcanus, genes homologous to psbV2 are now
identiﬁed in more than 10 other cyanobacteria (see Supplementary
Fig. S1). This ﬁnding makes this protein more common than it was
originally thought. In this work we report the crystallization and
crystal structure at 1.5 Å resolution of the PsbV2 cytochrome. We
also compare the PsbV2 structure with that of PsbV, and discuss
the physical properties of the heme based on the structure
obtained.
2. Materials and methods
The PsbV2 protein was puriﬁed from the soluble protein frac-
tions of T. elongatus as previously described [18]. The molecular
mass determined by MALDI-TOF/MS is 15,944 Da (see Supplemen-
tary Fig. S2). Initial crystallization conditions were screened with
an automatic micro-dispenser (Mosquito, TTP Labtech) against
over 2000 commercially available screening conditions, from
which, one condition (30% PEG 3350, 30% 2-propanol and
100 mM Tris base/hydrochloric acid pH 8.5, 4 C) yielded tiny crys-
tals. After a few rounds of optimization, crystals grew to a size of
50  50  200 lm in 30 days by the sitting drop method in the ﬁ-
nal crystallization condition (22–26% PEG 3350, 30% 2-propanol
and 100 mM Tris base/hydrochloric acid pH 8.5, 4 C). The crystals
obtained were frozen directly in liquid nitrogen without adding
any cryo protectants and stored until the diffraction experiment.
All diffraction images were collected at beamline BL41XU of
SPring-8 at a wavelength of 0.9 Å. The data collected was processed
using the HKL2000 software [29]. Initial phases were determined
by the molecular replacement method using the crystal structure
of PsbV in PSII complex (PDB ID = 3ARC, [14]) as a search model
with the program PHASER in CCP4 [30]. The phases obtained
were improved by solvent ﬂattening, histogram matching and
non-crystallographic symmetry averaging with the program DM
in CCP4 [30]. The structural model was built manually with the
program COOT and reﬁned with the program phenix.reﬁne
[31,32]. Ramachandran plot was calculated with the MolProbity
[33]. The statistics of data collection and structural reﬁnement
were summarized in Table 1.wn in parallel with the two-fold non-crystallographic symmetry axis shown in the
rier map is contoured at 10.0 r in blue mesh.
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Fig. 2. Structural comparison of the PsbV2 protein with the Cytc550 and Cytc6 from
T. elongatus. A, PsbV2 protein (yellow, PDB:4LJI, this study), B, Cytc550 (red,
PDB:1MZ4, [18]), C, Superposition of PsbV2, Cytc550 and Cytc6 (Cyan, PDB:1C6S,
[23]). The N-terminal domain is colored in orange (A) and green (B). Loop region is
colored in gray from Tyr 99 to Leu109 (A) and blue from Ala89 to Leu107 (B).
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The crystals of PsbV2 were indexed as the P1 space group with
unit cell dimensions of a = 38.42, b = 38.43, c = 47.78 Å, a = 71.86,
b = 82.22 and c = 69.38 (Table 1). Although the crystals diffracted
beyond 1.4 Å resolution, there was a severe overlap in the diffrac-
tion patterns. This overlap, together with a slight high Rmrg value of
0.400 calculated for the highest resolution shell in spite of a high I/
r(I) value of 4.8, suggested the occurrence of non-merohedral
twinning of the crystals. It should be noted that the crystals have
nearly equal a and b cell dimensions which may give rise to
pseudomerohedral twinning. As the twin operator suitable for this
type is not available, we solved the structure with the original pro-
cessed data. The values of <I2>/<I > 2, |L| and L2 calculated for the
twinning analysis by the program phenix.xtriage were 1.761,
0.414 and 0.236, respectively, whereas the values for non-
twinning dataset are 2.000, 0.500 and 0.333, respectively, which
also showed a high possibility of twinning [32,34]. Using the initial
phases determined by the molecular replacement method, struc-
tural construction and reﬁnement yielded the ﬁnal R factor and
free R factor of 0.2163 and 0.2510, respectively. One hundred
and twenty one water molecules were built in the ﬁnal model.
Although the R factor and free R factor were slightly higher than
those expected for a structure at 1.5 Å resolution, we conﬁrmed
the correctness of our structure by observing a high peak (more
than 15 r distributions) at the position of the Fe atom of heme c
in the anomalous difference Fourier map calculated from native
dataset as shown in Fig. 1.
The overall structure of PsbV2 is shown in Fig. 1. PsbV2 existed
as a dimer in the crystal, and its non-crystallographic twofold axis
passes very closely to the heme c and is almost vertical to the
longest C-terminal helix from Thr111 to Val127. The RMSD value
of 0.40 Å between the two non-crystallographic symmetry related
copies suggested two monomers are almost identical. In the mono-
mer–monomer interface, the amide oxygen atom and amide NH2
group of Asn49 of one monomer interact with the peptide
backbone of Lys48, Asn49 and Glu45 from the adjacent monomer
with average distances of 3.2, 2.7 and 3.2 Å, respectively (see
Supplementary Fig. S3). The NH2 group of Arg102 from one mono-
mer (monomer A) is also hydrogen-bonded with the peptide
backbone of Asn49 (B), but this does not apply for Asn49 (A) and
Arg102 (B). The buried surface area, the surface area of the dimer
complex and the solvation free energy gain upon formation of
the dimer calculated by PISA server were 3520, 13,100 Å2 and
67.7 kcal/mol, respectively. Although PISA server suggested the
stability of the dimer to some extent, because of the limited num-
ber of inter-monomeric interactions, the dimeric form of PsbV2
may be an artifact of the crystal packing.
Figs. 2A and B show the comparison between the structure of
PsbV2 and that of Cytc550 from T. elongatus. The overall structure
of PsbV2 closely resembles the structure of Cytc550, and the typical
c-type cytochrome folding is well conserved; however, the two
cytochrome c proteins differ signiﬁcantly in some part of the struc-
tures. Firstly, PsbV2 protein has a longer N-terminal domain than
that of Cytc550 before the two-stranded beta sheets. Secondly, as
expected from the sequence alignment, the extra DIXPXMRN motif
present in the vicinity of the heme plane of Cytc550 does not exist in
the PsbV2 structure [18]. Thirdly, in PsbV2 the 5th and 6th heme c
ligands are His and Cys, respectively, in contrast to the two His li-
gands found in Cytc550.
Figs. 2C shows the superimpositions of the backbone of three
c-type cytochromes of T. elongatus; the PsbV2 protein in yellow
(PDB:4LJI), the Cytc550 in red (PDB:1MZ4), and the Cytc6 in
cyan (PDB:1C6S). Clearly, the PsbV2 protein exhibits the well
conserved three a helices structure observed for many c-type
cytochromes.
Fig. 3. Ligand environment of heme c in PsbV2. The 5th and 6th heme iron axial
ligands are depicted as stick model. mFo-DFc map before model building of heme c
is contoured at 2.0 r in orange mesh and 2mFo-DFc map around His51 and Cys101
ligands is contoured at 2.0 r in gray mesh, respectively.
Fig. 4. Distributions of surface charges of the PsbV2 and Cytc550 proteins of T.
elongatus, and superposition of PsbV2 onto the PSII complex. (A) Surface charge
distribution of PsbV2 (PDB:4LJI, this study), (B) surface charge distribution of
Cytc550 protein (PDB:1MZ4, [18]), (C) Superposition of PsbV2 onto PSII complex.
Color code: orange, PsbV2; cyan, Cytc550.
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and 6th heme iron axial ligands which appear to be His51 and
Cys101, respectively. This axial ligation is not common and to
our knowledge, until now, only 6 cases have been reported for
c-type heme and one for b-type heme. The c-type hemoproteins
are: (1) DsrJ that is part of the DsrMKJOP transmembrane complex
involved in sulfur metabolism [35]; (2) TsDA, a tetrationathe-forming
thiosulfate deshydrogenase [36]; (3) SoxAX which is involved in
bacterial thiosulfate oxidation [37]; (4) the reaction center bound
triheme cytochrome in Rhovulum sulﬁdophilum [38]; (5) GHP, a
green heme protein that could be involved in heat shock in some
proteobacteria [39]; (6) NaxLS which was found in a bacterium
performing anaerobic ammonium oxidation [40]. None of these
hemoproteins have been crystallized and the His/Cys heme axial
ligation was deduced from conserved amino acids in the
sequence and/or physico-chemical and spectroscopic properties.
The b-type hemoprotein is the human cystathionine b-synthase
for which a crystallographic structure is available [41,42]. There-
fore, the present PsbV2 structure is the ﬁrst one reported for a
c-type hemoprotein with a His/Cys axial ligation.
The redox potential of the hemoproteins listed above has often
been found very low, i.e. close or below400 mV. In agreementwith
this observation, the mitochondrial M80C Cytc mutant with a
Cys(thiolate)/His coordination, exhibits a redox potential of
390 mVvs. NHE [43]. In the case of PsbV2we also found earlier that
the hemewas not reducible by addingdithionite under normal atmo-
sphere. It was concluded that either the redox potential of PsbV2was
very lowor that thedithionite couldnot reach the heme. Based on the
crystal structure revealed in the present study, the second possibility
seems not likely as the heme is located rather close to the surface of
the protein which is similar to other c-type hemes. By comparison
with the c-type hemoproteins with His/Cys axial ligation, the ﬁrst
hypothesis can be therefore reasonably supported and determining
the redox potential of PsbV2 in the conditions required to attain such
low potentials will be the subject of future works.
In our earlier study [18], the comparisons of the Resonance
Raman modes obtained for PsbV2 with those of various
M. Suga et al. / FEBS Letters 587 (2013) 3267–3272 3271microperoxidase MP8 (III) complexes excluded His, Met and Lys as
a sixth heme ligand. Among the compounds studied, the RR fre-
quencies of the N-hydroxyguanidine and phenolate complexes of
MP8 (III) exhibit very close similarities with those of PsbV2. In
the absence of precedence for this His/Cys axial ligation, these data
seemed to indicate that the sixth heme ligand was an oxygen atom
likely provided by an OH or RO-group. It can be noted that the m10,
m4, m3, m2 RR frequencies of PsbV2 [18] are comparable to those
observed for DsrJ [35]. Based on the PsbV2 structure revealed in
the present study, the RR modes obtained previously may be ex-
plained in terms of a sulfur atom ligand provided by an –SH group.
On the basis that a bis-His coordination could not explain the
EPR properties of PsbV2, our previous EPR characterization also
concluded to a His/Tyr ligation. Indeed, using the formalism devel-
oped in [44] (see also [45] for a review), the crystal ﬁeld parame-
ters such as the rhombicity (m/D) and the tetragonality (D/k)
have been calculated from the gz, gy and gx values. These structural
parameters put PsbV2 in a domain close to the His/TyrO- domain
(see Supplementary Fig. S4). From the EPR data available in the lit-
erature, the rhombicity and tetragonality parameters can now be
calculated for 6 of hemoproteins with a His/Cys axial ligation. With
the exception of the b-type heme, the cystathionine b-synthase,
the c-type heme PsbV2, DsrJ, NaxLS, triheme in T. elongatus, R. sulf-
idophilum, SoxAX and DsrJ are very close to each other and at the
interface of three other domains already identiﬁed. Such situation
could explain the difﬁculty to interpret the EPR characteristics of
PsbV2 in [18].
As mentioned in the introduction, the physiological role of
PsbV2 is unknown. The phenotype of a psbV2-disruptant mutant,
lacking the PsbV2 protein, was similar to that of wild type cells un-
der normal laboratory conditions for the culture [46]. However, we
could wonder if in some speciﬁc culture conditions that remain to
be identiﬁed it could replace the Cytc550. Fig. 4A and B shows that,
while distributions of surface charges of PsbV2 are very similar to
those of Cytc550, structural hindrance (Fig. 4C) is observed around
the N-terminal helix of PsbV2. Thus, on the basis of the crystal
structure shown here, further works are required to elucidate the
role of the PsbV2 protein.
4. Coordinates
The atomic coordinates and structure factor ﬁle of PsbV2 have
been deposited in the Protein Data Bank with the accession codes
4LJI. The ﬁles will be accessible upon publication.
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